A multi-reflection time-of-flight mass spectrograph, competitive with Penning trap mass spectrometers, has been built at RIKEN. We have performed a first online mass measurement, using 8 Li + (T 1/2 = 838 ms). A new analysis method has been realized, with which, using only 12 C + references, the mass excess of 8 Li was accurately determined to be 20 947.6(15)(34) keV (δm/m = 6.6 × 10 −7 ). The speed, precision and accuracy of this first online measurement exemplifies the potential for using this new type of mass spectrograph for precision measurements of short-lived nuclei.
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Mass measurements of unstable nuclei, providing direct measure of the nuclear binding energy, are invaluable for nuclear structure and nuclear astrophysics. Mass measurements of highly neutron-rich nuclei from Co to Xe, of importance for understanding both the astrophysical r process and evolution of shell structure, require fast measurement time and high efficiency, due to their typically short lifetimes (T 1/2 < 100 ms) and low production yields.
The most precise atomic mass measurements are obtained from Penning trap mass spectrometry (PTMS) of stable nuclei. The observation time required for PTMS to achieve a given resolving power, R m is t obs = mR m /qB,
where m/q is the mass-to-charge ratio, B is the Penning trap magnetic field strength and t obs is the observation time in the trap [1] . While PTMS can achieve resolving powers of several million, doing so requires t obs 100 ms. The linear scaling of t obs with the mass-to-charge ratio limits the maximum resolving power that can be achieved for short-lived, heavy nuclei. A few methods to mitigate this limitation have been considered -using higher magnetic fields [2] , charge breeding [3] and higher-order multipole excitation [4, 5] . We think that a separate path may prove more fruitful. By using a pair of electrostatic mirrors [6] , the flight path for a pulse of ions, e.g., from an ion trap, could be extended indefinitely. The time, t, required for ions to travel to a detector on the far side of the mirrors can be written as
where K is the ion's kinetic energy and L is the total flight length. The mass resolving power of such a measurement is simply
where R t is the time resolving power and ∆t is the detected pulse width. Using the electrostatic mirrors to achieve an energy isochronous time-focus at the detector, it is possible to achieve conditions wherein ∆t ∝ √ m is completely determined by conditions (e.g., ion temperature) in the ion trap. By making ∆t sufficiently small and t sufficiently long, it is possible to achieve reasonably large resolving powers faster than could be achieved by PTMS, i.e., achieve higher resolving powers for sufficiently short-lived nuclei than could be achieved by PTMS. Comparing the mass dependencies of Eqs. 1 and 2, one can immediately see that this effect becomes ever more pronounced as the mass-to-charge ratio increases. Thus, there is great potential for using this new type of mass spectrograph for precision measurements of heavy, short-lived nuclei.
At RIKEN we have developed such a multi-reflection time-of-flight mass spectrograph (MRTOF) [7] [8] [9] as part of the SLOWRI facility for low-energy nuclear physics at RIKEN [10] . Similar developments at various other facilities have been made with a purpose of isobar purification [11] [12] [13] . We will use it to measure the masses of r-process nuclei created by in-flight fission of uranium at the BigRIPS facility [14, 15] and trans-uranium elements created by fusion reactions at the GARIS facility [16, 17] . In both cases, it is desirable to achieve relative mass precision of δm/m < 10 −6 for heavy (80 < A/q < 280) nuclei with short lifetimes (5 ms < T 1/2 < 100 ms).
As the radioactive nuclei are produced at high energies, they must be thermalized in a helium-filled gas cell to convert them to a low-energy ion beam amenable to such mass measurements. Prior to constructing a gas cell suited for such heavy nuclei, an already existent gas cell -designed for use in ion trap laser spectroscopy of Be The online experimental setup consisted of a gas cell filled with 20 mbar He gas, rf-multipole transport system, buffer gas-filled ion trap, MRTOF, offline ion source and detector suite, as shown in Fig. 1 .
8 Li ions were produced by projectile fragmentation of a 100A MeV primary beam of 13 C on a 1.86 g/cm 2 Be production target, selected by the RIPS projectile fragment separator [20] and transported to the prototype SLOWRI branch, where the high-energy 8 Li ions were first decelerated by a wedge-shaped energy degrader before being stopped in the gas cell. The 8 Li ions were extracted as 8 Li + by an rf-carpet system [10] and transported to high vacuum by an octupole ion guide (OPIG) made of resistive carbon fiber reinforced plastic to allow simple production of an axial drag force [21] . Stable ions produced in the gas cell could be largely eliminated by a quadrupole mass separator (QMS). The A/q = 8 beam comprised 8 Li + and a small amount of 2 He + 2 produced in the gas cell. The efficiency from a 1 GeV 8 Li beam to a continuous 5 eV beam by a 2-m-long gas cell with an rf-carpet ion guide was ≈ 5% in Ref. [18] and the MRTOF efficiency from the 5 eV continuous beam was 2.7%. Thus, the total efficiency was ≈ 0.14%. In general, higher Z ions yield higher stopping efficiency, gas-cell extraction efficiency and trapping efficiency. In an offline test with 23 Na ions, the MRTOF efficiency was found to be 13%.
Prior to being analyzed by the MRTOF, ions are prepared in a sequential pair of buffer gas-filled rf ion traps [22] . After cooling, the flat trap rf signal was briefly turned off to minimize the effect of the rf field on ions leaving the trap. Due to the high Q-value of the rf resonant circuit, however, the rf amplitude decayed exponentially with a decay constant of τ ≈ 250 µs. Since waiting for the amplitude to fully decay would allow the ion cloud to expand, the ejection was instead phase locked to a point in the amplitude decay found to yield a maximum resolving power. The phase locked ejection signal served as the TDC start signal for the ion time-of-flight (ToF).
Prior to ejection of ions from the flat trap, the potential of the first MRTOF injection mirror electrode was reduced by 1 kV to allow the ions entry. The potential was then returned to its nominal value at the time when the ions were in the MRTOF ejection mirror electrodes, to minimize any effects from the changing potential. The ions were then allowed to reflect between the two mirrors for a time sufficient to allow the ions to make 880 laps. After 880 laps, while the ions are in the injection mirror, the final ejection mirror electrode potential was reduced by 1 kV to allow ions to exit and travel to a multi-channel plate detector, providing stop signals for the TDC. The measurement time sequence is shown in Fig. 2 .
As in any other mass spectroscopic technique, refer- 
where α is close to unity for MRTOF measurements, R m is the mass resolving power and N ion is the number of ions in the peak. In principle, to perform the measurement the minimal ion number for the MRTOF is N ion ≥ 1, as it is a true spectrograph, while generally PTMS requires N ion 100 to fit the resonance curve.
Due to higher-order ion optical aberrations in the mirrors and low-angle scattering from the residual gas during flight, the spectrum has a slow tail. In order to properly take the tail into account, a Gaussian fitting function with an exponential-tail, as described by Eq. (5), was used [25] .
where A is the Gaussian peak height, t m is the Gaussian centroid, σ is the standard deviation of the Gaussian, and t c is the distance from t m to the exponential tail switching point. The shape parameters t c and σ were determined from a high-statistics 12 C + spectrum and fixed for all fittings.
To compensate for ToF drift caused by slight drifts of the MRTOF potentials over time, measurements of 8 Li + interleaved those of 12 C + . The effective ToF of the 12 C + references were determined by linear interpolation of measurements before and after each 8 Li + measurement.
In principle, the relation between the mass and the ToF is given by
where a is a characteristic constant and t 0 is a constant time offset caused by the delay between the TDC start signal and the actual ejection of the ions from the ion trap. Using picked up switching noise from trap ejection switch as a TDC stop signal, it was possible to measure the delay, which was found to be t 0 = 199 ns. However, to account for systematic uncertainty in the propagation path of the switching noise, a value of δt sys 0 = 10 ns was adopted. Generally, to avoid systematic uncertain- 
The statistical uncertainties δm sta were determined from uncertainties derived from the ToF fittings, while δt sys 0 leads to a systematic uncertainty. An expansion of Eq. (7) 
The effect of the uncertainty in t To confirm this single reference method, the masses of 7 Li + and 9 Be + were similarly determined offline. In all cases, the results were in agreement with the literature values. The derived mass excesses are shown in Table I (26) . Based on Eq. (4), the statistical uncertainty limit would be 5.9 × 10 −8 with a similar N ion which is competitive with the relative mass uncertainty of δm/m = 6.2×10 −8 achieved in Ref. [27] . Considering decay losses, the MRTOF could actually achieve better relative uncertainty than PTMS.
With the very light 8 Li + , we achieve mass resolving powers competitive with conventional PTMS of shortlived nuclei by using shorter observation times. We have verified the speed, precision and accuracy of the technique online. For short-lived, heavy nuclei such as transuranium nuclei and nuclei important to r-process nucleosynthesis we believe this new method will truly be a boon. We plan to begin measurements of trans-uranium elements and of r-process nuclei in FY2013. 
